Several immunologic features were analyzed in mice on a zinc-deficient diet [Zn(-) 
mice fed laboratory chow ad lib. When placed on a Zn(-) diet, 6 -to 8-week-old A/Jax, C57BL/Ks, and CBA/H mice showed loss of body weight, low lymphoid tissue weight, and profound involution of the thymus within 4-8 weeks after initiation of the regimen. Approximately 50% of the mice on the Zn(-) diet developed severe acrodermatitis enteropathica (lesions on tail and paws) and diarrhea. Pair-fed mice on the Zn(+) diet did not show any of these symptoms. Mice on the Zn(-) diet showed the following immune deficiencies: (i) depressed plaque-forming cells against sheep erythrocytes after in vivo immunization; (ii) depressed T killer cell activity against EL4 tumor cells after in vivo immunization; and (iii) low natural killer cell activity. However, antibody-dependent cell-mediated cytotoxicity against chicken erythrocytes was normal in the mice on the Zn(-) diet. Deficiency of T Zinc, an essential element in man and animals, is important for stabilization or function of numerous metalloenzymes involved in protein synthesis, protein catabolism, energy metabolism, and both DNA and RNA synthesis (1) . Zinc deficiency in man and animals has been associated with hypogonadism, growth retardation, anorexia, gastrointestinal malfunction, and dermatitis characterized by hyperkeratosis and parakeratosis (2) (3) (4) (5) (6) (7) . In the A 46 lethal variant of Fresian cattle, dermatitis, diarrhea, failure of thymic development, and severe immunodeficiency occur due to defective absorption of zinc (8) . This disease can be cured or prevented by giving relatively large amounts of Zn by mouth (9) . Acrodermatitis enteropathica, a childhood disease of high morbidity and mortality that is transmitted genetically as an autosomal recessive trait and is associated with characteristic skin disease, bowel and central nervous system malfunction, and frequent immunodeficiency, is also completely correctable by administration of zinc (10, 11) . In rats, zinc deficiency regularly leads to experimental acrodermatitis enteropathica and atrophy of lymphoid tissue and thymus, which can be promptly corrected by administration of zinc (12) .
Abnormalities of the lymphoid cell distribution in lymph node and spleen and deficiency of thymic hormone have recently been reported in association with zinc deficiency in mice (13, 14) . Prior immunologic studies have shown that zinc deficiency in mice interferes with their ability to produce antibody to sheep erythrocytes (SRBC) (15, 16) . Fraker et al. (15) attributed this abnormality to failure of normal development of T helper cells. To date, no studies of other T cell functions in zinc-deficient rodents have been reported, although the A 46 lethal variant in cattle has been associated with T cell immunodeficiency and failure to develop delayed allergy which is correctable by zinc administration (8) .
In this paper we report regular production of T cell immunodeficiency in zinc-deficient mice including defective development of T killer lymphocytes after in vivo sensitization with tumor cells as well as the defective development of natural killer (NK) lymphocytes; we also report defective development of both direct and indirect plaque-forming cells after immunization in vivo with SRBC. Antibody-dependent cell-mediated cytotoxicity (ADCC) was normal in zinc-deficient mice. However, upon in vitro immunization of lymphoid cells from zinc-deficient animals in the presence of zinc, T killer cell function developed normally.
MATERIAL AND METHODS Animals. Four-to 8-week-old A/Jax female and male inbred mice, obtained from Jackson Laboratory, and C57BL/Ks and CBA/H mice, maintained at the SKI mouse colony, were used. Breeding stock of the two latter strains was obtained from the University of Minnesota mouse colony.
Diets. Zinc-deficient (Zn-) and zinc-supplemented (50 ppm) (Zn+) diets in pellet form were obtained from Teklad Test Diets (Madison, WI). These diets were prepared according to the original formula of Luecke et al. (17) . Animals were marked individually and housed in stainless steel cages with wire mesh bottoms. Double-distilled drinking water was provided in glass bottles with siliconized rubber stoppers and stainless steel tubing. Food pellets were placed in stainless steel feeders, and a record of daily food consumption was maintained. Extreme care was taken to eliminate sources of zinc contamination. Because animals on Zn(-) diets are known to consume less food than average for mice, an equal number of pair-fed mice on the Zn(+) diet were also included for comparison. In addition, mice fed Zn(+) diets ad lib were included in the study. Body weight and signs of skin lesions, other external abnormalities, and diarrhea were recorded regularly.
Response to In Vivo Immunization with SRBC. Each mouse was injected intraperitoneally with 0.2 ml of a 10% suspension of SRBC (GIBCO). Ninety-six hours later the spleens were removed and gently homogenized, and the viable cell concentration was adjusted to 107 cells per ml. 
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immune response (primarily IgM) was quantified by the plaque-forming cell (PFC) assay using a modification of the method of Bullock and Moller (18) as described (19 (20) .
In vitro sensitization to allogeneic cells was performed in plastic multiwell dishes (FB 16-24 TC, Linbro Chemical Co., Hamden, CT) by a modification of the method of Hodes et al. (21) . During the period of incubation, the cells were exposed to zinc contained in the fetal calf serum and in the RPMI medium (19) .
Assay for NK Cell Activity. NK activity was determined in a direct 5ICr-release assay modified as described (22 (24); 51Cr-labeled chicken erythrocytes (CRBC) were used as targets. Details of this assay have been described (24) .
Complement-Dependent Cytotoxicity Assay. Anti-Thy 1.2 serum, prepared in congeneic strains, was kindly supplied by E. Stockert (Sloan-Kettering Institute). The cytotoxicity test was based on the method of Amos et al. (25) with slight modifications as described (22) .
EA-Rosette-Forming Cell (RFC) Assay. The EA-rosette assay with lymphoid cell suspensions was performed as described (26, 27) . Lymphocytes with three or more erythrocytes attached per cell as seen under the light microscope at X100 were considered to be rosettes. The results were expressed as percentages of rosettes in relation to the total number of untreated cells.
RESULTS
Effect of Zn(-) Diet on Growth and on Serum Zinc Levels of C57BL/Ks Female Mice. Five-to 6-week-old female mice on the Zn(-) diet gained weight only during the first week; from the second week onward, a gradual loss of body weight occurred (Fig. 1) . After 10 weeks on the Zn(-) diet, most of the animals had died. Pair-fed mice on the Zn(+) diet, although growing, gained less weight than did mice on the ad lib Zn(+) diet. Nearly 50% of the mice on the Zn(-) diet had acrodermatitis, diarrhea, and typical skin lesions on the tail and paws. No such lesions occurred in the pair-fed mice on the Zn(+) diet. As described elsewhere (13, 15) , most of the mice examined showed a decline of thymus weight from 2 weeks onward, and by 6 weeks a virtually complete involution of the thymus had occurred. By contrast, the thymus weight of the pair-fed animals was higher than that of mice on the Zn(-) diet Table  1 summarizes PFC response of C57BL/Ks mice challenged with SRBC at 2, 4, and 6 weeks on different dietary regimens. PFC responses in the spleen were not altered in Zn(-) mice after 2 weeks on the diet when compared to pair-fed mice. However, the response was significantly lower after 4 weeks on the Zn(-) diet, and a pronounced deficiency of PFC response was seen after 6 weeks on the Zn(-) diet. The pair-fed mice showed significantly higher PFC responses than did mice on the Zn(-) diet. The mice on the Zn(+) ad lib diet and those fed regular laboratory chow ad lib showed significantly higher PFC response than did the Zn(-) group and slightly higher responses than the Zn(+) pair-fed controls. The development of indirect PFC response in Zn(-) animals undergoing primary response remained lower than the direct PFC response. A second set of experiments, carried out on A/J mice, was designed to test both direct and indirect PFC responses after primary and secondary exposure to the antigen (SRBC). Here again, the mice on the Zn(-) diet showed defective formation of direct PFC in the primary response compared to pair-fed mice (Table 2) . When reimmunized, the Zn(-) animals developed a high number of IgM plaques and showed a modest increase in IgG PFC response as well. In contrast, both pair-fed and ad lib Zn(+) animals, as well as laboratory chow-fed animals, showed a 3-to 4-fold increase in IgG PFC per spleen after secondary immunization.
Cell-Mediated Response to Immunization with EL-4 Tumor Cells. Cytotoxic response of spleen cells from Zn(-) animals immunized in vivo was consistently lower than that of all the Zn(+) groups (Table 3) . Mice on the Zn(-) diet showed a marked deficiency in generating T killer cells against alloantigens when immunization was carried out as early as 2 weeks after initiation of the Zn(-) diet. On the other hand, pair-fed animals responded as vigorously in this critical T cell immune response as did animals fed either a Zn(+) diet ad lib or a standard laboratory chow diet. Animals maintained on the Zn(-) diet for 8 weeks, by which time skin lesions had developed in many, responded minimally to the generation of T killer cells after in vvo immunization with EL-4 cells.
In Vitro Immunization of Spleen Cells with EL-4 Cells.
As in the case of C57BL/Ks mice, in vivo immunization with EL-4 cells of CBA/H mice fed a Zn(-) diet revealed a gross deficit in production of T killer cells (Table 4) . In contrast to these results, after in vitro immunization, spleen cells of CBA/H mice fed a Zn(-) diet for 8 weeks had a capacity to develop killer cells comparable to that shown by pair-fed animals on the Zn(+) diet. During in vitro immunization the T cells of the Zn(-) mice were exposed, over the entire 5-day span of incubation, to medium and fetal calf serum containing zinc.
NK and ADCC Activity in Zn(-) Animals. A significant (38) and profound T cell immunodeficiency (39) , the recent evidence that zinc deficiencies may account for the cell-mediated immunodeficiencies in protein/calorie malnutrition syndromes of man seems attractive (40) . The present findings would be consistent with this view. Because decreased food intake accompanies many chronic human diseases and because diets deficient or somewhat deficient in zinc are commonplace in the United States (1, 41) 
